Purpose of Review Over the past ten years, there has been a change in the management of adolescent clavicle fractures. Utilizing data from the adult population, clinicians have become more aggressive in terms of surgical fixation. The purpose of this paper is to critically analyze the recent literature in regard to adolescent clavicle fractures, and to determine the role of open reduction and internal fixation. Recent Findings Although there have been many case series that demonstrate that open reduction and internal fixation can be done safely and with predictable healing, studies which compare operative versus non-operative intervention suggest there may not be functional outcome differences between the two treatment options. Summary Further study is necessary to determine the specific indications for fixation of clavicle fractures in the adolescent population. Shared decision-making between patient, family, and clinicians is essential to determine the specific fracture patterns and patients who might benefit from fixation to improve functional outcome.
Introduction
The treatment of clavicle fractures in the orthopedic community has experienced dramatic shifts over the past several decade or so. This trend has been seen in both adult and pediatric orthopedic practices. As the demands placed on the growing skeleton of youth athletes have seemingly increased with the rise in single-sport specialization and year-round sporting activity (combined with parent and patient expectation of rapid return of function), there has been a trend towards increasing operative fixation of fractures in the growing population. Yet, there is a dearth of high-quality studies which compares either the potential complications of treatment or the functional outcomes of operative versus non-operative management. This is perhaps best exemplified by the treatment of clavicle fractures in the adolescent population.
Historical Perspective
In the absence of an open fracture, neurovascular injury, or polytrauma, the vast majority of pediatric and adolescent clavicle fractures were treated non-operatively before the twentyfirst century. Due to the high rate of union, the operative indications were sparse and very limited literature existed as to the outcomes after open reduction and internal fixation [1] . A treatment shift occurred in 2007 with the Canadian Orthopedic Trauma Society (COTS) multi-center, randomized, prospective trial, in which 132 adult patients were treated with either plate fixation or a sling for their mid-shaft clavicle fractures [2] . The authors found improved functional outcome and lower rates of non-union and malunion with plate fixation, compared to non-operative treatment. Additional studies at this time also presented results which shed a favorable light on the fixation of mid-shaft clavicle fractures [3] [4] [5] . This trend towards fixation of these injuries then began to shape the treatment of adolescent clavicle fractures. demonstrated a trend towards increased fixation in older adolescents and more severe fracture patterns, with the results of adult literature representing the greatest influence on treatment choices among pediatric caregivers [6] . This trend was also shown by Heyworth et al. in their single-institution analysis over a 12-year period from 1999 to 2011, which demonstrated not only an increase in the number of mid-shaft clavicle fractures seen, but also an increase in the percentage of mid-shaft clavicle fractures being treated operatively [7•] . Yang et al. confirmed this trend using the Pearl Driver database, finding a significant increase in operatively treated adolescent clavicle fractures from 2007 to 2011, particularly in the 15 to 19-yearold age group [8] .
The increase in fixation of these injuries occurred with very limited pediatric-and adolescent-specific evidence that demonstrated improved functional outcomes and a similar complication profile compared to non-operative treatment. As with other fracture patterns in this age group (i.e., medial epicondyle fractures, open forearm fractures, comminuted femur fractures), more aggressive operative treatment indications were implemented prior to literature which supported the shifting trend [9••] . This treatment trend must be examined critically such that the appropriate management is made using evidence as the basis of care delivery. If not, surgical treatment options may become commonplace without a critical analysis of the risks and benefits in the context of historical, nonoperative treatment options.
Initial Non-Plating Adolescent Studies
Several early studies demonstrated the outcomes, albeit in small numbers, of the operative fixation of these injuries. Kirschner wires [10] , clavicle pins [11] , and flexible nails [12] [13] [14] were all described in the literature as leading to successful radiographic outcomes in this age group. Yet, issues with potential hardware migration, need for hardware removal, and technical difficulty have limited the large-scale utilization of these fixation modalities, particularly in the adolescent population. The vast majority of studies examining operative fixation in this age cohort has concentrated on open reduction and internal fixation utilizing plate fixation, either standard compression plating or pre-contoured clavicle plates.
Early Plate Fixation Studies
There were several initial studies in the literature examining the outcomes of plate fixation in the pediatric and adolescent age group. Although many of them presented excellent results, study design limited their ability to meaningfully contribute to the question of what should be the indications for fixation in these sub-populations.
In 2009, Mehlman et al. retrospectively reviewed 24 patients with a mean age of 12 years and 8 months who underwent plate fixation for their injuries [15] . All patients healed, and 87% of patients returned to unrestricted sports activities. Of note, all patients required a 2nd operation to have hardware removed. Namdari et al. also retrospectively reviewed a cohort of skeletally immature patients who underwent fixation for their clavicle fractures [16] . Their series consisted of 14 patients (mean age of 12.9 years) who underwent plate fixation and had a mean pre-operative fracture shortening of 14.4 mm. The authors found that all patients had achieved radiographic healing by a mean of 3 months, and the minimum 2-year follow-up telephone survey revealed a mean QuickDASH score of 7.0, but only seven patients (50%) were completely pain-free. Four patients (28.6%) had undergone hardware removal, and 8 (57%) complained of numbness at the surgical site.
Finally, Vander Have et al. performed one of the first studies comparing operative versus non-operative fixation of midshaft clavicle fractures, albeit in a retrospective fashion with different degrees of shortening between the two groups [17] . Forty-two patients (25 non-operative and 17 operative; mean age 15.4 years) were analyzed with a higher degree of shortening (27.5 mm vs 12.5 mm) in the operative group. The authors found no non-unions in either group but a slighter faster time to union as well as return to activity in the operatively treated group. One of the most surprising results of this study was that symptomatic malunion actually developed in five patients who were treated non-operatively, a much higher rate of symptomatic malunion that had/has been reported in the literature. Four patients underwent corrective osteotomy.
As a result of these studies combined with recent adult literature, a strong push towards operative fixation of these injuries in pediatric and adolescent patients was made. For many surgeons, these studies demonstrated that open reduction and internal fixation of clavicle fractures was a relatively safe operation with predictable healing rates, rapid return to activity, and a moderate need for a second operation to remove symptomatic hardware.
More Questions Arise
Amidst the changing trends of clavicle fracture management, many members of the pediatric orthopedic community questioned if the results of studies which consisted largely of adult patients should be applied to the adolescent population in the context of pediatric and adolescent studies with small sample sizes and low levels of evidence. The function after adolescent clavicle trauma and surgery (FACTS) multi-center study group and prospective cohort study were developed at Boston's Children's Hospital in an attempt to address this deficit in the literature. Pooling data from several highvolume children's hospitals across the country, this group compared non-operative versus operative treatment of adolescent clavicle fractures in a prospective, age-matched, pattern-matched, parallel group comparison. This study group has led to several publications (which will be outlined below) and has sought to comprehensively look at differences in outcomes, not only in relation to healing, but also complications and functional outcomes.
Concurrent with the work of this study group has come a new volume of literature both in the adult and adolescent population which has helped to change the current indications for fixation of these injuries. [19••] . They found that although plate fixation improved the chance of bone healing, no difference was found between groups in terms of functional outcomes as measured by constant or DASH scores. Similarly, in their meta-analysis of randomized controlled clinical trials, Woltz et al. found that although plate fixation decreased the rate of non-union, it did not lead to a clinically relevant change in functional outcome as measured by constant and DASH scores [20] .
New Treatment Paradigms
The question naturally arises: how should this evolution in the adult literature, or pendulum swing back towards nonoperative treatment since the initial 2007 Canadian study affect our perspective on adolescent clavicle fractures, particularly as adolescent patients may have the highest levels of participation in high-demand activities? Are the goals of operative fixation to prevent non-union, malunion, or delayed union? Are the goals of treatment to improve shoulder function and/or to allow quicker return to sport?
Given the high rate of healing of fractures in this population, an emphasis on the impact of treatment on shoulder function is critical, as is the potential complications of treatment, whether it be operative or non-operative. Only assessment of all of these factors can allow us to more definitively answer if open reduction and internal fixation is indicated in this age group. Several recent age-specific studies have emerged, which have helped tremendously in answering these questions.
New Literature Focusing on Function and Complications
Schulz et al. examined the functional and radiographic outcomes of adolescent patients with complete, displaced, shortened mid-shaft clavicle fractures who were treated nonoperatively, using the non-injured limb as a control [21] . The authors found that regardless of the fracture type, age, or level of athletic involvement, there was no difference between the limbs in terms of pain, strength, shoulder range of motion, or outcomes scores (SANE, QuickDASH, and Constant scores), even with 100% of these fractures healing in a significantly shortened position compared to the contralateral side. Parry et al. similarly found that when comparing their cohort of operatively versus non-operatively treated adolescent patients, no differences in range of motion, isometric strength, or abduction fatigue were found between groups [22•]. Even patients with established malunion were shown by Bae et al. to not developed any clinically meaningful loss of shoulder motion or abduction/adduction strength [23] .
With limited evidence demonstrating a functional benefit, the complication profile must also be taken into consideration. These studies demonstrating potentially limited functional benefit, combined with a high complication rate, raise the following question: what are the specific indications for plate fixation of mid-shaft clavicle fractures in the adolescent population?
Identifying Cases for Fixation
It is important to identify the patients who may benefit from plate fixation compared to a non-operatively cohort. Utilization of a mean value of shortening may not be beneficial, as this has not been shown to be a consistent factor in determining treatment outcome, even with varying clinicians demonstrating good to excellent intra-and inter-rater reliability in regard to measuring shortening [26•] . In terms of nonunion risk, the FACTS study group found over a 10-year period at 9 pediatric hospitals and 25 non-unions with a mean age of 14.5 years [27••] . The majority of these fractures occurred in male patients with displaced fractures, many of whom had a prior history of an ipsilateral clavicle fracture. Furey et al. also reported on a series of three patients who suffered a refracture of their clavicle due to angular malunion in the absence of displacement; indicating perhaps another group at risk for a complication related to healing [28•] . Although these specific patients may benefit from operative fixation, it is important for the clinician to realize that the overall non-union risk is likely exceedingly low. Further study which looks at the non-union risk in a large cohort of patients is necessary to determine the importance of these, and potentially other, risk factors which may influence treatment decisions.
Role of Return to Sport
Beyond the identification of specific cases for fixation, quicker return to high-impact athletic activity has been a proposed benefit of open reduction internal fixation. Although there has not been a high-quality study in the adolescent population, there are studies in the adult population from which data can be gleaned. In a systematic review of return to sport after clavicle fractures, Robertson et al. found that operatively treated mid-shaft clavicle fractures were able to return to sport 12.1 weeks quicker than non-operatively treated fractures [29] . In their series of 54 patients, Ranalletta et al. found that approximately 90% of patients were able to return to sport in 12 weeks or less, with nearly 17% returning at less than 6 weeks after surgery [30••] . In elite NFL players, Jack et al. found that players who underwent fixation played in a similar number of games per season and had similar career lengths as control subjects [31] .
Thus, although a pure adolescent cohort does not exist, a relatively quicker and predictable return to sport may be achieved in adults treated by plate fixation.
Author's Preferred Indications
The indications for the operative treatment of adolescent clavicle fracture must begin with a shared decision-making process with the patient and family. Inherent to this discussion is an understanding that there is a high rate of complications with this procedure, particularly incisional numbness and hardware irritation, as well as potential need for a secondary surgery. In my experience, there is no mean value for shortening or fracture pattern that is indicative of an absolute/relative need for surgical intervention (excluding open fractures, those with neurovascular compromise, or polytrauma patients). As shoulder function has not been shown to consistently improve with either treatment option and there exists high rates of healing, it is important to identify the sub-set of patients who would benefit from surgical intervention. It is also important to weight this benefit against a risk of surgical intervention including a high rate of complications and/or need for secondary procedures. In my practice, such patients may be those at risk for refracture (fractures with severe apex-superior angulation without displacement) or non-union (male patients with a prior history of fracture who present with a refracture). In addition, as quicker return to sport may be shown in future studies to be a predictable outcome for adolescent patients, I
typically reserve plate fixation for collision athletes 14 years of age and above who have injured their dominant hand.
In the cohort of patients managed operatively in the author's practice (via plate fixation), patients are placed in a sling for 7 days after the operation. At their 1-week post-operative visit, physical therapy is prescribed and the sling is discontinued. At 6 weeks, post-operatively, if patients can demonstrate full range of motion and strength (equal to the contralateral extremity) and radiographic healing, patients are allowed to return to full contact sporting activity. This is in contrast to patients managed non-operatively, who are placed in a sling for 4 weeks and then initiate physical therapy. No contact sporting activity is allowed until 3 months after initial injury as long as radiographic healing is present.
Conclusions
The indications for operative fixation of adolescent mid-shaft clavicle fractures have yet to be firmly established. A critical analysis of the literature is necessary for clinicians treating this injury to establish their own indications, as well as share this information with patients and their family, so as to individualize care. Clearly, further multi-center study is necessary to understand and identify the specific adolescent patients and fracture patterns, if any, that would benefit from operative treatment. Current indications are quite variable. Armed with an understanding of historical and current literature, the clinician can optimize care for this extremely common fracture in the sub-population most affected by the injury.
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